We describe a compact dual-wavelength (1.047 and 1.053 µm) diode end-pumped Q-switched Nd:YLE laser source which has a number of applications in demand. In order to achieve its dual-wavelength operation it is suggested for the first time to use essentially nonmonotonous dependences of the threshold pump powers at these wavelengths on the cavity length in the region of the cavity semiconfocal configuration under a radius of the pump beam smaller than the radius of the zero Gaussian mode. Here we demonstrate one of the most interesting applications for this laser: difference frequency generation in a GaSe crystal at a frequency of 1.64 THz. A superconducting hot-electron bolometer is used to detect the THz power generated and to measure its pulse characteristics.
Introduction
Over the past decade there has been considerable interest in the development of solid-state lasers generating radiation simultaneously at two wavelengths. One of the most important reasons for such interest is the real prospect of creating reliable compact high-tech THz radiation sources. The use of THz radiation today for practical applications such as security and defense purposes is limited, among other reasons, by the low power or the complexity of the existing sources.
As for Nd-doped active media, dual-wavelength operation (DWO) at wavelengths of either 1.06, 1.3 or even 0.9 µm was obtained by suppressing operation in the other two regions by employing mirrors with appropriate transmissions. Using various Nd-doped media with somewhat different Stark splitting of the laser levels, DWO was demonstrated in one or other of these wavelength regions, with frequency differences from 0.3 to 7.1 THz [1-5, for example]. In [6] an intracavity Fabry-Perot etalon or Lio filter was employed to achieve difference frequency generation (DFG) in a diode end-pumped Nd:GdVO 4 crystal. DFG of THz radiation by using dual-wavelength 1.047 and 1.053 µm operation of Nd:YLF laser was demonstrated in [7] . In this work two Nd:YLF crystals were pumped by diodes through separate mirrors. Two beams at 1.047 and 1.053 µm with orthogonal polarizations were combined by a polarizer and then passed through a common acousto-optic Q-switch and a common output coupler. DFG in a 15 mm long GaSe crystal with a conversion efficiency of 10 −6 was obtained.
The aim of this work is to achieve dual-wavelength output of the diode end-pumped Q-switched Nd:YLF laser without any polarizer inside cavity, merely by adjusting the cavity length near to its semiconfocal configuration, using the specific behavior of Nd:YLF laser thresholds at 1.047 and 1.053 µm under a sufficiently small pump beam radius, and then to utilize this dual-wavelength output for DFG at 1.64 THz in a GaSe crystal.
Experimental setup
The diode end-pumped Q-switched Nd:YLF laser is displayed schematically in figure 1 . As a source of pump radiation a CW laser diode (LD) emitting at 0.806 µm with a maximum output power of 8 W was used. Along the LD fast axis, radiation was collimated by a cylindrical lens (CL) with a focal length of 0.28 mm. The pump beam was formed by a spherical lens (SL1) with a focal length of 4.2 mm. The radius of the pump beam w p on a 10 mm long and 4 mm diameter Nd:YLF rod (from Institute of Optical Materials Technology, St. Petersburg) was 60 µm. An input concave mirror M1 with a 200 mm radius of curvature was antireflection coated at the pump wavelength and high reflection coated at the laser wavelengths. The Nd:YLF rod was placed closely to M1 and its optical axis was perpendicular to the axis of the cavity. Both rod faces were antireflection coated at the pump and laser wavelengths. A flat output coupler M2 with a transmission of 25% at the laser wavelengths was mounted on a translatable stage to change the cavity length (L) in the region of its semiconfocal configuration (near to 100 mm). An acousto-optic modulator (AOM) was placed between the Nd:YLF rod and M2. For this cavity, the radius of the zero Gaussian mode w at M1 is 260 µm and thus larger than w p = 60 µm.
Experimental results
By increasing L in the region of the cavity semiconfocal configuration, one of the most pronounced degenerate cavity configurations, it was found that under w/w p > 1 and with a high enough transmission for M2 (25%) the laser wavelength switches from 1.047 to 1.053 µm and then back ( figure 2(a) ). There are two transitional regions where the laser operates simultaneously at both wavelengths. The region corresponding to longer L (figure 2(b)) was chosen due to the better spatial radiation profiles achieved ( figure 3(a) ). L was adjusted and then fixed to obtain nearly equal intensities and coincidence in time of the pulses at both wavelengths. Laser operation during a three-month period demanded only laser warming up and no readjustment of L. The stability of THz pulses can be characterized by the stability of pulses at a sum-frequency with a wavelength of 0.525 µm generated in the LBO crystal, because in both cases the output radiation fields are determined by the product of the pump pulse fields. The stability of the pulse power at the sum-frequency was measured to be 9% (RMS). Our measurements showed the presence of a deep minimum of the laser threshold pump power (P th ) as a function of L in the semiconfocal configuration at both wavelengths [8] . Due to more significant thermal lensing at 1.047 µm, P th at this wavelength after this deep minimum becomes higher than P th at 1.053 µm. This takes place for 119 < L < 126 mm. As a result, the laser wavelength switches from 1.047 to 1.053 µm and then back as L is increased ( figure 2(a) ).
Figure 3(a) shows the time evolution of pulses at both wavelengths measured by a fast photodiode and a digital oscilloscope with a bandwidth of 350 MHz (DPO 4032, Tektronix). The laser pulse duration is 12 ns with an average output power at each wavelength of 0.7 W and a peak power of 8 kW at a repetition rate of 7 kHz. In figure 3(a) , the spatial radiation profiles at both wavelengths are also shown.
DFG in nonlinear optical crystals is one of the widely used methods of generation of coherent THz radiation. Various nonlinear optical crystals may be used for the DFG conversion [9] and the choice of a particular nonlinear optical material is determined first of all by the realization of the phase-matching conditions between optical and THz waves, nonlinear optical coefficients and the laser field breakdown threshold. For various applications, such as THz imaging [10] and THz near field microscopy [11] , it is of primary importance to have high-quality radiation with a high level of monochromaticity, coherence, and frequency and amplitude stability. One of the ways to develop such THz sources is the employment of lasers with simultaneous DWO in the same laser medium with the subsequent DFG in a nonlinear optical medium.
The output of the above-described Nd:YLF laser at 1.047 and 1.053 µm with orthogonal polarizations was launched into a GaSe crystal (from Siberian Physical&Technical Institute, Tomsk). The distance between M2 and the GaSe crystal was 140 mm. The radii of the Nd:YLF laser beams at the GaSe crystal surface were 290 µm. THz radiation was collected by a 50 mm focal length lens fabricated from TPX polymer. A silicon filter and a black polyethylene filter were used to block the pump radiation. Two GaSe crystals were used in the experiments: of 5 mm and 10.5 mm in thickness. In figure 3(b) , the time evolution of pulses at 1.64 THz measured by a hot-electron bolometer (HEB), described below, and the oscilloscope mentioned above is given. Figure 4 gives the phase-matching curve, where THz power as a function of the angle θ outside of the GaSe crystal of 5 mm thickness between the collinear pump beams and the crystal optical axis Z is shown. Squares are experimental results and the solid curve is calculated for the oe-o DFG interaction in the GaSe crystal of 5 mm thickness [12] . In the inset, the power of the THz radiation as a function of the azimuthal angle of the wire-grid polarizer is presented. The polarization of the THz radiation corresponds to that of the ordinary wave in the GaSe crystal.
A superconducting NbN HEB developed by Moscow State Pedagogical University and the oscilloscope were used to measure the DFG phase-matching curve (figure 4). The THz power was diminished by additional filters to ensure that the THz power was within the bolometer's dynamic range, which is very wide due to its exceptionally low noise level. A commonly known transition edge sensor (TES) bolometer operates at millikelvin temperatures and has a time constant of about a millisecond and a NEP (noise-equivalent power) of ≈10 −19 W Hz −1/2 . The HEB operates at temperatures near to 10 K and has a time constant of about 50 ps and a NEP better than 10 −13 W Hz −1/2 , but more than three orders of magnitude better than the Golay cell NEP of 10 −10 W Hz −1/2 .
The detection of THz pulses of ≈10 ns duration by HEB is presented for the first time, therefore we give here a short description of the HEB. An extended hemispherical Si lens with a diameter of 12 mm was used to collimate the THz radiation onto the HEB coupled to a planar spiral antenna [13] . The HEB was installed onto the cold plate of the liquid He cryostat with a high-density polyethylene window with a thickness of 0.3 mm. A cold filter (Zitex) was used to block the background radiation. The HEB was heated to a temperature just below the critical temperature of the superconducting transition T c and then, using a DC voltage source, was biased to the most sensitive operating point, yielding a responsivity of 2 kV W −1 . The signal from the HEB was transmitted to a low-noise cold preamplifier with a 25 dB gain and a noise temperature of about 7 K. The preamplified signal was fed to a room-temperature amplifier with a gain of 30 dB. The amplifying chain determines the 200 MHz cut-off frequency of the whole detection system. To determine the level of the THz power generated by a GaSe crystal of 10.5 mm thickness at the maximum of the phase-matching curve, a Golay cell (GC-1P, TYDEX) was used. In this case no additional filters were placed before the Golay cell. A chopper was placed between M2 and the GaSe crystal, and the output of the Golay cell was connected to the input of a lock-in amplifier (SR-830, Stanford Research System). Taking into account the responsivity of the Golay cell from its technical data (80 kV W −1 ) and the transmission of the filters in front of the Golay cell, the average THz power at the maximum of the phase-matching curve was found to be 52 nW. At a 7 kHz repetition rate and a 10 ns THz pulse duration, this corresponds to a peak THz power of 0.7 mW and to a conversion efficiency of 0.9 × 10 −7 for an 8 kW peak power at each pump beam.
Conclusions
Thus, in this work, dual-wavelength output of a diode endpumped Q-switched Nd:YLF laser was achieved by adjusting the cavity length near to its semiconfocal configuration under a radius of a pump beam sufficiently smaller than the radius of the zero Gaussian mode. Using this dual-wavelength pulsed output of 12 ns duration, a difference frequency at 1.64 THz in a GaSe crystal of 10.5 mm thickness was generated with a peak power of 0.7 mW at a 7 kHz repetition rate. The THz source is quite compact: the dimensions of the Nd:YLF laser without power supply are 160 × 50 × 35 mm −3 .
